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The high center-of-mass energy at the LHC provides the opportunity to test the 
predictions of some of the beyond the standard model theories. We provide an 
overview of a selected number of searches for new fermions and new bosons with 
the ATLAS and CMS experiments. No evidence for the existence of new particles 
was found and therefore limits are obtained on the parameters of the models under 
consideration. 

1 Introduction 

The standard model of particle physics is a very succesful theory describing most of 
our current experimental knowledge. There are however a number of observations 
that are not explained, such as for example the existence of dark matter and dark 
energy, the nonzero masses of the neutrinos and the baryon asymmetry. Many 
exotic models exist that extend the standard model and provide an answer to some 
of the open questions. New models typically imply the existence of new particles 
at a higher energy scale. Some of the models can be probed at the energy scales 
that are currently reached at the LHC. Many searches for new particles have been 
performed by the ATLAS [l] and CMS [2] experiments using the 7 TeV proton 
collisions that are collected in 2011 and they continued these searches using the 
8 TeV data. Since no evidence is found for the existence of new particles, the 
searches result in upper limits on the production cross section of the new processes, 
excluding parts of the allowed parameter space. 

Given the wide variety of exotic models and searches, we focus on the most 
recent and the most stringent results from both experiments. In this document 
we provide an overview of the searches for new fermions and new bosons, while 
searches for other exotic phenomena such as for instance extra dimensions, long- 
lived particles and leptoquarks are presented in Rcf. pjj. 

2 Searches for new Z bosons 

Several beyond the standard model theories predict the existence of a new neutral 
gauge boson Z' . Depending on the model, the Z' boson may decay either into 
leptons or jets, leading to a resonance in the reconstructed dilepton or dijet mass 
distributions respectively. Different searches are performed depending on the re- 
constructed objects in the final state: two oppositely charged electrons or muons, 
two tau leptons or two jets. The resulting limits on the production cross section 
are interpreted in benchmark models, such as the sequential standard model (SSM) 
that predicts a Z' boson with the same couplings to fermions as the standard model 
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Z boson. 

If the Z' boson decays to two oppositely charged electrons or muons, the invari- 
ant mass of the dielectron or dimuon pair is reconstructed for each selected event. 
The resulting dielectron and dimuon invariant mass distributions are then fitted for 
the presence of a resonance. In the absence of any evidence for a new resonance 
upper limits are determined on the production cross section times branching ratio 
of the Z' boson to dileptons. Both the CMS and ATLAS collaborations have per- 
formed this search on the 7 and 8 TeV data sets i|5 . Figure [l] shows the resulting 
limits. The CMS (ATLAS) experiment excludes the existence of a SSM Z' boson 
with a mass below 2.59 (2.49) TeV at the 95% confidence level (CL). It is worth 
noting that the result from the CMS experiment is obtained from the combination 
of the 7 TeV (5 fb" 1 ) and 8 TeV (4 fb" 1 ) data sets, while the result of the ATLAS 
experiment is obtained using only the 8 TeV data set (6 fb -1 ). 




M [GeV] 



Figure 1. The upper limit on the ratio of the production cross section times branching ratio of 
the signal Z' boson and the production cross section times branching ratio of the standard model 
Z boson as a function of the mass of the Z' boson for the CMS experiment (left) and the upper 
limit on the production cross section times branching ratio as a function of the mass of the Z' 
boson for the ATLAS experiment (right). 



In case the Z' boson would decay to two oppositely charged tau lep- 
tons, the analysis becomes more complicated. The tau lepton may decay ei- 
ther to an electron or muon and two neutrinos, or to charged hadrons, neu- 
trinos and possibly some additional neutral hadrons. Due to the presence 
of the neutrinos, it is more difficult to reconstruct the invariant mass of 
the ditau pair. Therefore, the CMS collaboration reconstructs the effective 

visible mass M(T ll T 2 ,E , t nlss ) = \J (E Tl + E T2 + E™ tss ) 2 - (p^ + P r 2 + Ef lss ) 2 . 
The effective visible mass distribution is then fitted to obtain the upper 
limit on the production cross section times branching ratio of the Z' bo- 
so n to ditaus [ 6 ], The ATLAS collaboration uses the transverse mass Mr = 
^2p TT1 p Tr2 (l - cosA0 T1 , T2 ) + 2 ^tp TT1 (l - cosA0 T1 , miss ) + 2 # t p TT2 (l - cosA</> T2 ,mi S3 ) 
as a sensitive observable, where fit denotes the missing transverse momentum. 
Upper limits are obtained by counting the number of events with Mt above a cer- 
tain threshold value, that is optimized for each signal mass [7] . The resulting limits 
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are shown in Figure [2] The CMS (ATLAS) experiment excludes the existence of a 
SSM Z' boson with a mass below 1.4 (1.3) TcV at the 95% CL using the full 2011 
data set which corresponds to an integrated luminosity of about 5 fb _1 . 




Figure 2. The upper limit on the production cross section times branching ratio as a function of 
the mass of the Z' boson for the CMS (left) and ATLAS (right) experiments. 



Some models predict a Z' or W boson that decays to two quarks. Therefore, 
searches are developed which require two well-separated jets with a high transverse 
momentum 8j9 . The CMS experiment reconstructs 'wide' jets by taking the two 
jets with the highest transverse momentum and merge them with other jets that are 
nearby. From these two jets, the dijet invariant mass distribution is reconstructed 
and fitted with a smooth functional form: f(x) — p\(\ — x) P2 x P3+P4lnx , with x = 
rrijj I ^fs. The resulting upper limit on the production cross section times branching 
ratio is shown in Figure [3] The result of the ATLAS experiment is interpreted in 
a model that predicts an excited quark decaying to two jets. The same model is 
also shown for CMS experiment. The ATLAS (CMS) collaboration excludes the 
existence of an excited quark with a mass below 3.8 (3.2) TeV at the 95% CL. In 
addition, the CMS experiment also excludes the existence of a SSM Z' boson with 
a mass below 1.6 TeV at the 95% CL. 

The CMS collaboration also developed a dedicated search for bb resonances 
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The efficiency to correctly identify a jet as a 6 jet decreases with the mass of the 
heavy resonance. Events with two 'wide' jets are selected and categorized in one of 
the three different subsamples according to the number of jets that are identified 
as a b jet. In each of these subsamples the dijet invariant mass distribution is 
reconstructed. The upper limit using the three subsamples is obtained for different 
values of the branching fraction to b quarks. For the SSM Z' boson, this branching 
fraction is about 0.22, and its existence is excluded with a mass below 1.5 TeV at 
the 95% CL. If a model predicts a larger branching fraction to b quarks, the upper 
limit improves by up to 70%, excluding a larger part of the allowed mass range. 
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Figure 3. The upper limit on the production cross section times branching ratio as a function of 
the mass of the heavy resonance for the CMS (left) and ATLAS (right) experiments. 



3 Searches for new W bosons 

Charged gauge bosons W are predicted by various theories beyond the standard 
model. The simplest model is again the SSM that predicts a W boson with the 
same couplings to the fermions as the standard model W boson. Therefore, the 
W' boson decays either to leptons or to two quarks. The search for a W' boson 
decaying to two quarks is covered by the search for dijet resonances discussed in 
the previous section. In this section we will study the decay of the W or W* boson 
into leptons. Another final state that is considered is the decay of the W boson 
into a top quark and another quark, from theories that allow top-flavor-violating 
processes. 

Both the CMS and ATLAS experiments performed a search for a new W boson 
decaying to a charged lepton and a neutrino 11|12 

selected events is reconstructed as Mr 



The transverse mass of the 
l2p l T E™ ss (l - cosA^/^). The upper 
limits on the production cross section times branching fraction is obtained from 
the selected number of events after requiring a minimum transverse mass. The 
transverse mass threshold is optimized for each signal mass. The resulting upper 
limit is shown in Figure [3] The CMS experiment excludes the existence of a SSM 
W boson with a mass below 2.85 TeV at the 95% CL, while the ATLAS experiment 
excludes the existence of a W* with a mass below 2.55 TeV at the 95% CL. 

The forward-backward asymmetry measured in tt events at the Tevatron collider 
is not entirely consistent with the standard model prediction. The discrepancy could 
be explained by a top-flavor-violating process such as for instance pp — > W't — > tqt. 
Either the W boson from the decay of the t or from the decay of the i quark is 
required to decay into leptons, which results in a final state with a charged lepton, 
missing transverse energy and five jets. Both ATLAS and CMS reconstruct the W 
boson mass distributions from the tq or tq systems 13|14 . Therefore, it is crucial 
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Figure 4. The upper limit on the production cross section times branching ratio as a function of 
the mass of the new W boson for the CMS (left) and ATLAS (right) experiments. 



to assign the jets correctly to the quarks from the W — > tq decay. The ATLAS 
analysis uses a kinematic likelihood fitter with the W boson and top quark masses 
as constraints. The remaining jets are paired with the reconstructed top quark and 
the combinations that yield the largest values of m tq and mi q are chosen. In the 
CMS analysis the jet combination is chosen for which the invariant mass of three 
jets is closest to the top quark mass. This jet combination is then combined with the 
jet that has the highest transverse momentum. The upper limit on the production 
cross section times branching ratio shown in Figure [5] is obtained by counting the 
number of events after requiring a minimum value of m tq or mi q . Only the result 
for the ATLAS experiment is shown, because of the larger sensitivity. Assuming a 
right-handed coupling = 2 the ATLAS (CMS) experiment excludes the existence 
of a W boson with a mass below 1.1 TeV (840 GeV) at the 95% CL. 



4 Searches for heavy neutrinos 

The observation of neutrino oscillations, and consequently nonzero neutrino masses, 
is a clear indication of physics beyond the standard model. Grand unified theories 
predict the existence of at least one heavy Majorana neutrino. This heavy Ma- 
jorana neutrino might then provide masses to the neutrinos through the see-saw 
mechanism. Majorana neutrinos allow lepton and lepton-flavor number violating 
interactions. Therefore, searches for Majorana neutrinos are typically performed 
by looking at final states with two same-sign leptons. The CMS experiment per- 



formed a model-independent search for a heavy isosinglet Majorana neutrino 15 
with the mass of the heavy Majorana neutrino and the mixing element VJjv 
as free parameters. Vw describes the mixing between the heavy Majorana neu- 
trino and the standard model neutrino of flavor I. The considered process is 
pp — > NV^ — > V^WP 1 — > l^qqT^. Therefore, the signature consists of two same- 
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Figure 5. The upper limit on the production cross section times branching ratio as a function of 
the mass of the W boson (left) and the limit as a function of the coupling parameter gn and the 
mass of the W boson (right). 



sign leptons of the same flavour and at least two jets from the decay of the W boson. 
Upper limits are set on the square of the mixing element, |VJat| 2 , with I = e,/x, as 
a function of the Majorana neutrino mass. The upper limits shown in Figure [6] are 
the first direct upper limits on the heavy-Majorana mixing for m^r > 90 GeV. 
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Figure 6. The left (right) figure shows the limit on | jv 1 2 (IV'ejvl 2 ) as a function of mjv under 
the assumption |V eJV | 2 = |VW| 2 = (|V mJV | 2 = \V rN \ 2 = 0). 



For m N = 90 GeV the CMS experiment finds IV^ 2 < 0.07 and |V^iV| 2 < 0.22. 
At mjv = 210 GeV the limit becomes | V^at| 2 < 0.43, while for |V e Ar| 2 the limit 
reaches 1.0 at a mass of 203 GeV. 

The CMS and ATLAS experiments performed another search for a heavy neu- 
trino and a rig ht-handed W R boson pjlT; . The masses of both the heavy neutrino 
and the Wr boson are reconstructed and a template fit is applied to obtain the 
upper limit on the heavy neutrino and the Wr boson masses as shown in Figure [7] 




Figure 7. The 95% confidence level exclusion region in the (Myy R ,Mjv ) plane for the electron 
channel from the CMS experiment (left) and for electron and muon channels combined from the 
ATLAS experiment (right). 



5 Searches for fourth-generation quarks 

The existence of a fourth generation of quarks would be another simple exten- 
sion of the standard model. The CMS and ATLAS collaborations performed many 
searches for fourth-generation quarks, resulting in stringent constraints on the al- 
lowed parameter space. Two different types of models are distinguished. A first set 
of models predicts the existence of sequential fourth-generation quarks, while the 
second set of models predict the existence of vector-like fourth-generation quarks. 
The left- and right-handed components of the vector-like fourth-generation quarks 
transform in the same way under the weak force. 

The CMS experiment developed a novel strategy for a combined search for se- 
quential fourth-generation quarks of the up- and down-type in decay channels with 



at least one isolated muon or electron 18 . A simple model, with a single parame 



ter A = \V t b\ 2 — \V t 'b'\ 2 is assumed for the extended CKM matrix, V^ 4 M . Within 
this model, mixing is allowed only between the third and the fourth generations. 
Observables are constructed in each of the subsamples and used to differentiate 
between the standard model background and the processes with fourth-generation 
quarks. With this strategy the search for singly and pair-produced t' and b' quarks 
has been combined in a coherent way into a single analysis. Figure [8] shows the ob- 
tained model-dependent limits on the mass of the fourth-generation quarks and the 
relevant CKM matrix elements. The existence of mass-degenerate fourth-generation 
quarks with masses below 685 GeV is excluded at 95% CL for minimal off-diagonal 
mixing between the third- and the fourth-generation quarks. With a mass differ- 
ence of 25 GeV between the quark masses, the obtained limit on the masses of the 
fourth-generation quarks shifts by about ± 20 GeV. 

A search is performed by the CMS experiment for pair-produced vector-like 
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Figure 8. Left: The exclusion limit on m' t = m' b as a function of the V^^ M parameter A. The 
parameter values below the solid line are excluded at 95% CL. The slope indicates the sensitivity 
of the analysis to the t'b and tb' processes. Right: For A ~ 1, the exclusion limit on m t i versus 
m t / — my is shown. The exclusion limit is calculated for mass differences up to 25 GeV. 



down-type fourth-generation quarks, B, decaying to a b quark and a Z boson 19 
The Z boson is assumed to decay into a dielectron or dimuon pair. Events with 
two dilepton pairs of the same flavor and opposite charge and with an invariant 
mass between 60 and 120 GeV are selected. At least one jet should be identified 
as a 6 jet with a high transverse momentum. The invariant mass of the B quark 
is reconstructed by combining the Z boson and b jet that result in a reconstructed 
B quark with the highest transverse momentum. A template fit is performed to 
obtain the upper limit on the production cross section times branching ratio as 
a function of the B quark mass. The existence of a vector-like fourth-generation 
quark with mass below 550 GeV is excluded at the 95% CL. 

Some models predict the existence of a heavy partner of the top quark with a 
charge of 5/3, denoted as T 5 / 3 . A search for this T 5 / 3 quark is developed by the 
CMS experiment assuming a branching fraction of 100% for the decay of the T 5 / 3 
quark to tW |20j. After a dedicated event selection, the event yields are used to 
determine upper limits on the production cross section times branching fraction as 
a function of the fourth-generation quark mass. The existence of a X 15 / 3 quark with 
a mass below 645 GeV is excluded at the 95% CL. 

The CMS experiment performed another search in the final state with one elec- 



tron and muon and at least four jets 21 . The distribution of the scalar sum of 



the transverse momenta of the reconstructed objects in the final state is obtained 
in different bins of the jet multiplicity and used in a template fit to obtain the 
upper limit on the production cross section times branching fraction. The resulting 
upper limit shown in Figure[9]is obtained for two different models. The existence of 
a down-type sequential (up-type vector-like) fourth-generation quark with a mass 
below 675 (625) GeV is excluded at the 95% CL. 
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Figure 9. The left (right) plot shows the 95% CL upper limit as a function of the Q quark mass 
for a down-type sequential (up- type vector-like) heavy quark decaying exclusively to tW (tZ). 



6 Summary 

We have summarized the most recent and the most stringent results from searches 
for new fermions and new bosons obtained by the ATLAS and CMS collaborations. 
Many more searches for new particles have been performed, but were not covered 
here. An example is the search for a resonance in the ti invariant mass distribution 
performed by the ATLAS and CMS collaborations, resulting in the exclusion of the 
existence of a Z' boson decaying into — > ti with a mass below 1.55 TeV at the 95% 
CL |22|23|24| . In Table [l] an overview s provided of the results from the searches 



discussed in the previous sections. Some theories beyond the standard model are 



Table 1. Overview of the limits on the masses of potential new fermions and bosons. 



Search 


95% CL limit 


Z' — > ee//i/i 


m z , > 2.6 TeV 


Z' -> TT 


m z , > 1.4 TeV 


Z'^qq 


m z > > 1.6 TeV 


Z' -> tt 


m z > > 1-55 TeV 


W -> Iv 


m w > > 2.85 TeV 


W -> tq 


my/ 1 > 1-1 TeV 


N -> W R l 


|y M jv|^ < 0.07 and \V e N\ 2 < 0.22 for m N = 90 GeV 


t! -> bW and b' -> tW 


m v = my > 685 GeV for A = 1 


B -^bZ 


m B > 550 GeV 


T^tZ 


m T > 625 GeV 


T 5 /3 ^ t w 


m T 5/3 > 645 GeV 



already heavily constrained or ruled out. Furthermore, both the ATLAS and CMS 
collaborations continue to search for new fermions and bosons using the 8 TeV 
proton collisions. These efforts will result in more stringent limits or perhaps even 
a discovery of a new exotic particle. 
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